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Abstract
The infrared spectra from 800- 1600 cm"1 of 28
anions (inorganic and organic) not containing hydroxyl
group have been obtained in H^O and D^O. A significant
solvent deuterium isotope shift up to 23 cm"^in^most . ■
cases. Most of the shifts were negative (vw n - vn n
2 2
negative) , but the pyramidal and tetrahedral anions gave 
positive shifts. The shifts do not appear to have a 
simple interpretation ; hydrogen bonding is clearly 
important, but other factors, such as the influence of 
the anions on the solvent baseline, must play a part.
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CHAPTER I
Introduction and Literature Survey 
Introduction
When the vibrational spectra of anions containing 
hydroxyl groups (e.g. H^PO^ , HCO^ ...) are obtained in 
water and heavy water solutions, an obvious isotope shift 
occurs due to the replacement of H by D. What is less 
known, however, is the small, but significant, isotope 
shift which occurs when anions not containing hydroxyl
groups are studied. Preliminary work showed small shifts
3— 9— 2 —
of some of the bands due to PO^ , and COg when the
spectra of their solutions in H^O and D^O were compared.1
The present work is the study of infrared spectra of 
several anions (inorganic and organic) in H^O and DgO, with 
the object of measuring the isotope shifts and understanding 
their causes.
A thorough search of the literature revealed only one
2report of such an isotope shift ; Chang and Irish report 
that the band of the nitrate ion appears at 718 cm in
—  i
HgO and 721 cm in DgO. However, they make no comment on 
this result. Several other workers have studied the spectra 
(infrared and Raman) of anions in H^C and DgO, but they have 
reported either no isotope shift or a negligible one (see 
for example references 3 and 4).
— 2”
Literature Survey
In the following literature survey we report references 
to the spectra of all the anions we have studied. These 
references include only work on the infrared spectra of 
aqueous solutions (H^O or , and in some cases work on
spectra of solid salts, particularly in those cases where 
no references to aqueous solution spectra could be found.
Raman spectra (where relevant) are also included.
1- NCS~
L.H. Jones  ^ reported the infrared spectra of solid
- 1 - 1 
KNCS from 280-10,000 cm , and aqueous KNCS from 700-3000 cm
1
Due to strong absorption by H^O in the region of 750 cm , 
Jones used D^O as the solvent for observing the C-S vibration 
of aqueous NCS . Table 1 shows the observed frequencies and 
the approximate absorption coefficients of aqueous KNCS.
Table 1
assignment v/cm 1
-1 -1 s/& mol cm
vi 2066 400
v2 470 5
v3 . 743 11
2V2 941 6
The strongest band is given by , the C-N stretching 
vibration.
-3-
2—NO2 î“
The infrared spectra of NaN02 ? KNO^ and AgNÛ 2 were 
studied by Weston and Brodasky  ^ in the crystalline state, 
and in aqueous solution, from 700-3000 cm 1„, For the 
aqueous solutions they used as the solvent up to
-l -i
1000 cm , and ^ 0  above 1000 cm . No spacer was used, 
so the path length was unknown « In table 2 some of the 
infrared results obtained by Weston and Brodasky for 
aqueous NO 2 solutions are shown.
Table 2
Salt Cone.
— 1v1 cm v2 cm 1
D,
v3 cm 1
— 1
V1 2 cm
NaN02 9M, 4M 816 ± 2 1240
(vs,b)
~ 1335 
(ms,sh)
2545 ± 30
NaN02 2M, 0. 4M - 1236 ± 
(vs,b)
15 ~ 1335 
(w,sh)
k n o 2 14, 7M
fl
809 ± 
(s,sp)
1240 
(vs,b) ~
2560 ± 30 
(w)
sp = sharp, b = broad, s = strong, w = weak, vs = very 
strong, m = moderate, sh = shoulder.
Brooker and Irish obtained the infrared spectra of 
KN02 in D20. They used a fixed spacer, so that the path 
length was known, and they observed the infrared spectra 
of high purity commercial KN02 . They assigned the bands at 
1330, 810, 1240 cm”1, to v]L, v2 and \>^  respectively.
— 4“
3-C&0 ~
The Raman and infrared spectra of aqueous CSLO^t BrO^ 
and I0g have been investigated by Gardiner, Girling and
g
Hester. As water absorbs strongly throughout the infra-
-i
red below 1000 cm , the infrared spectra of KC&Og, KBrOg
and KlOg were recorded using saturated solutions in D^O.
They found that the Raman spectrum of CfOg has a strong
band at 933 cm , with a weak band appearing as a shoulder 
-1at 977 cm . In the infrared spectrum the relative inten­
sities of these two bands are reversed. Gardiner et.al.
-1 -1assigned the two frequencies 977 cm and 933 cm of the
infrared and Raman spectra to the asymmetric and symmetric 
stretches and v1 respectively.
4-S0^~ :-
9
Evans and Bernstein investigated the Raman and infrared 
spectra of the sulphite ion in sodium sulphite. The infrared 
spectrum of an aqueous solution showed three bands which were 
assigned to v2 and . The band was not observed, the 
absorption of the water in the relevant region being too 
strong. Evans and Bernstein reported the following wave- 
numbers (Table 3).
5-SSOj"
This ion is tetrahedral and has Cgv symmetry. Nakamoto^ 
lists the six fundamental frequencies as follows in Table 4.
-5”
Table 3
Assignment
-1
Aqueous solution cm Solid — 1cm
2v1 (A) - 1995 (vw)
^1 + ^ 2 (E) - 1968 (vw)
2v 3 (A + E) - 1932
1912
(vw)
2v 2 (A) - 1213 (w)
^2 + ^4 (E)
- 1135 (w)
(A) 1002 (m) 1010 (m)
V 3 (E) 954 (s) ' 961 (s)
V 2 (A) 632 (w) 633 (s)
^  (E) - 496 (s)
s = strong, m = medium, w = weak. vw = very weak.
Table 4
V1 (A}) v2 (A1} v3 (Àl) v4 (E) v5 ve (E)
3 V (XY3) V (XZ) ô (xy3) V (XY3) 6 (xy3) p (xy3)
SS03 995 446 669 1123 541 335
—6”
6-NO^ :-
The Raman and infrared spectra of aqueous alkali metal 
nitrate solutions were studied by Irish and Davis.11 In 
dilute aqueous solutions of alkali metal nitrates, the 
\>3 (E1) vibration is split into two bands at 1349 cm"1 and 
1397 cm 1 (infrared and Raman). The positions of the two 
bands are independent of concentration in dilute solutions.
In more concentrated solutions (1-10 mol i 1) the positions 
of the bands vary with concentration, due to cation inter­
action. The plot of separation of the two bands versus 
concentration indicates that the splitting is 56 cm"1 at 
infinite dilution (Raman). The infrared data indicate a 
splitting of 48 cm 1 at infinite dilution. Irish and Davis 
concluded that the 56 cm 1 split of Vg(E') is a measure of
the strength of nitrate ion-water interaction.
12
Davis, Macklin and Plane reported that the infrared 
spectrum of 0.1 mol £ 1 tetraphenylarsonium nitrate in 
chloroform contains a single broad band centred at 1360 cm"1.
In water the same compound shows a broad absorption con-
— 1 — 1 sisting of two Gaussian bands at 1344 cm and 1394 cm
Davis et.al. observed that the splitting of Vg( E' )  for 
aqueous solutions of both alkali metal and tetraphenyl­
arsonium nitrate is not a function of the cation nresent, 
and that it is not due to ion-pairing effects. They also 
observed a similar splitting for tetraphenylarsonium nitrate 
in methanol, and concluded that the broadening and splitting 
is a result of the nitrate ion's interaction with the solvent
_ 7 -
through hydrogen-bonding. Furthermore, the splitting for 
an aqueous solution of potassium nitrate is independent of 
temperature, showing that structural changes in the water 
are not responsible for removing the degeneracy of the 
Vg(E1) mode. In the case of chloroform solvent, the 
hydrogen-bonding is weaker and band is broadened rather 
than split.
Findlay and S y m o n s i n v e s t i g a t e d  the infrared spectra 
of alkali metal and tetra-alkyl ammonium nitrate in several 
solvents. With the aprotic solvents, dimethyIsulphoxide, 
methylenechloride and methyl cyanide, the (E*) vibration 
gives a single band of symmetric shape. These workers con­
firmed the splitting found when water is used as the solvent, 
and found that solutions in methanol show a similar splitting. 
Table 5 shows the wavenumbers reported by Findlay and Symons.
Table 5
Solvent Cation
-1
v3/cm
h 2o/d 2o K+ 1345, 1400*
CD3OD Na+ 1338, 1404
Me^N+ 1335, 1404
CH2C£2 Bu 4N+ 1352
(c d 3)2s o Na+ 1350
R4N+ 1352
CD3CN r 4n + 1357
&
Findlay and Symons do not report any difference between 
the spectra in and
— 8-
Findlay and Symons concluded that nitrate ions are 
solvated in water or methanol by a single solvent molecule 
strongly hydrogen-bonded to one oxygen ligand, thereby 
lowering the symmetry of the ion from to
7 -CO 3 -
Buijs and Schutte1^ '^ h a v e  reported the infrared 
spectra of solid alkali metal carbonates, both anhydrous 
and hydrated. In all cases at least one of the degenerate 
vibrations is split, and it is clear that the site symmetry 
is lower than the symmetry of the free ion (D^) •
Ross and Goldsmith1  ^ recorded the infrared spectra of 
25 solid carbonates. All the carbonates showed the (E *)
_ i
vibration in the region 1430-1530 cm
Tetrahedral ions .
These ions have tetrahedral symmetry (T^), and have 
four modes of vibration, all of which are Raman active.
Only the triply degenerate (F^) and (F2) vibrations 
are infrared active.
8-PO^" :-
Chapman and Thirlwell^ studied the infrared spectra 
of orthophosphate in H20 and D20 solutions. They reported 
that the trisodium and tripotassium orthophosphates give
-9-
a single strong band at 1004 cm”1 ; this is the v3 (F2)
stretching vibration. They reported that in D^O solutions
"this part of spectrum is not significantly different".
From the effect of phosphate ion on the OH stretching band
due to the solvent, they deduced that the hydrogen bonds
between water molecules and phosphate ions are considerably
stronger than those between the water molecules themselves.
18Ahlijah and Moony recorded the attenuated total 
reflectance spectra of aqueous solutions of salts of several 
oxyacids of phosphorus. They found the (F2) band of
— i
phosphate ion at 1000 cm when sodium salt was used, and at 
996 cm 1 when the potassium salt was used.
19Pinchas and Sadeh investigated the Raman and infrared
18spectra of aqueous solutions of normal and O-labelled 
potassium orthophosphate. Using infrared they found the 
Vg(F2 ) band of the isotopically normal phosphate ion at
— 1 — i
1012 cm , and a very weak shoulder at 938 cm which they
attributed to the (A^) vibration. The latter should be
infrared inactive, but Pinchas and Sadeh ascribed its
appearance to an asymmetry in the hydration of the ions.
The labelled ion, P1^0^ , showed appreciable isotope shifts ;
the Vg(Fg) band was found at 1050 cm 1 and the v1 (A^) at
948 cm 1 . Similar shifts were found in the Raman spectra.
18The expected effect of substituting 0 is to lower the 
frequency. Pinchas and Sadeh attributed the increase in
b  o  '>vA1 rv\c.
frequency to a decrease in the strength of hydrogen binding 
by about 40%. This hypothesis is supported by the small
"10-
effect which the labelled ions have on the 0-H band of 
water compared with the normal ions.
9-S04~
R o s s ^  investigated the infrared spectra of solid 
and aqueous solutions of sulphates. The infrared spectra 
of aqueous solutions (capillary film) showed one band for 
v3 (F2) and one band for v4 (Fg) at 1105-1109 cm”1 and
— i
609-613 cm respectively.
10-cm 4”  : -
The assignments for the bands in the infrared and Raman
spectra of the perchlorate ion were first given correctly by 
21Cohn - see Table 6.
Table 6
Type of v n (An)/cm 1 
vib. 1 1
v2 /cm 1 Vg (Fg)*/cm”1 v1 (Fg)/cm” 1
Raman 935 
(soln.)
460 1050-1170 630
Raman 938 
(crystal)
461 1080,1130 627
infrared
(crystal)
1090,1140 624
* Resonance with Vg + v
2 2Ross investigated the infrared spectra of eleven perch­
lorates in the solid state and ten in solution. The infrared
-11—
spectra of 0.2 M aqueous solutions of perchlorates showed
_ i
one band at 1105-1111 cm for Vg(F2), and one band at 
627-631 cm 1 for (Fg)•
Further work on aqueous solution of perchlorates, and
on solutions in other solvents has been reported by Brink
and Falk,2^ Symons and Waddington,24 and Findlay and 
13Symons :-
The degenerate Vg(Fg) band is not split in any solvent, 
and the addition of methanol to a solution of tetrabutyl- 
ammonium perchlorate in methylene chloride also fails to
modify the Vg (Fg) band. From the replacement of the methanol-
-1 - 1OH band at 3620 cm by a new band at 3530 cm , Findlay and
Symons deduced that methanol forms weak hydrogen bonds to 
perchlorate ions. In general, it appears that in protic 
solvents, weak hydrogen bonds are present from each of the 
perchlorate oxygens to solvent molecules, i.e. the perch­
lorate ion is solvated in a symmetrical manner, thus account­
ing for the lack of splitting of the Vg (Fg) band.
11-CrO2” :-
A study of the Raman spectra of potassium, sodium and
ammonium chromâtes in aqueous solutions, ranging from 5% to
25saturation was carried out by Stammreich, Bassi and Sala.
Table 7 shows their assignments and observed wavenumbers.
— 12-
Table 7
Assignment V,(A,) v 2 (E) ^ ( F 2) V4(F2)
Wavenumber/ 847 348 884 368
cm”1
p e
Similar results were reported by Hendra.
12-MnO^ : —
26Hendra investigated the Raman spectra of potassium 
permanganate, both in the solid state and solution. He
also obtained the infrared spectra of some solid perman-
ganates. Table 8 shows the assignments and wavenumbers
-
Table 8
Assignment vl(Ai) v 2 (E)
v 3 (F2> v 4 (f 2)
wave no. aq. 
soln. Raman
838
m(p)
355 
m. s .
921 ± 5
V.V.w.
429
s
wave no. solid 
KMnO^ Raman
841
v.w.
345 - 415-420
v.w.
wave no. solid 
KMn04 infrared
850
V. V. w
- 910
V. s .
406
395
387
s = strong, m = medium, w = weak, p = polarized, v = very 
13 - S 2 ° 6 ~
The spectra of solid sodium dithionate confirms that
27
the ion has symmetry. Palmer's assignments include
^5 cm  ^ and at 1240 cm  ^» Both thse bands are
28
S-0 stretching vibrations. Buijs investigated the infra
red spectrum of solid potassium dithionate, and found v5
infrared and Raman spectra (including the Raman of aqueous 
solutions), and they compared dichrornate and chromate 
spectra. They divided the dichromate bands into those 
arising from vibrational modes of the CrO^ groups and those 
arising from the Cr-O-Cr bridge. The bands at 770 (va s ) ,
560 (vSym ) and 220 cm 1 (binding) were assigned to the bridge
a normal coordinate calculation was then carried out for
* * 
the 0 CrOg system of Cgv symmetry (0 = bridging oxygen).
This led to the assignment of observed bands at 947 and
at 998 cm 1 and at 1243 cm” 1.
4-
27
Palmer reported that in anhydrous sodium diphosphate
4-
the PgO-y ion has symmetry C ^ ,  and that the infrared 
spectrum of a nujol mull shows the following bands
-1 -1cm cm
1152 987
1121 917
1030 735
l5”Cr2°7
2 -
The first assignment of the dichromate spectrum was
29made by Stammreich et.al. ; they studied both the
— 14“
895 cm 1 to stretching modes and at 365 cm”1 to bending and 
rocking modes. Later studies by M.S. Mathur et.al.30 led 
to assignments substantially in agreement with Stammreich 
et.al. ; they also gave additional information due to the 
extension of the infrared observations to lower frequencies.
The original assignment by Stammreich et.al. has been 
accepted by Brown and Ross,31 with some additions due to 
the extension of the range of observation. The six bands 
arising from the model, 0*Cr0^, of Cgv symmetry, have been 
correlated with the observed frequencies as follows
The model vibrations of Class A correspond to (i) a 
symmetric terminal stretch (v1), (ii) the mean of the 
symmetric and antisymmetric bridge stretching frequencies 
(v^), and (iii) the symmetric terminal bending (v^). Those 
of Class E are an antisymmetric terminal stretch (v^), and 
terminal bending (v^) and rocking (v^). The observed bands 
in the spectrum of R^Cr^O^ are 908, 902, 891, 885 cm-1
(v^ , 796, 764, 566, 556 cm-1 (v2) , 365 cm™1 (v,) , 966, 965, 
950, 946, 940, 934, 924 cm™1 (v4), 365 cm™1 (v5 and vg).
Table 9 gives the observed and the calculated fre­
quencies for solid dichromate by Brown and Ross, assuming 
C2v symmetry.
i6-s2 ° r  =-
32Simon and Richter investigated the Raman spectra of 
solid potassium peroxodisulphate and its aqueous solution, 
and the infrared spectra of the solid. They concluded that
-15-
Table 9
Class, assignment Observed wavenumbers
and description__________________ __-1cm
v
Na K
A 1 v1 TS 965 966
V2 IS 902 ,2 2
«3 «S IS5 lit
v4 TB 327 329
V5 TB 378 377
v6 TB (rocking) 327 329
V ? BB 220 225
A Vg TS 924 925
Vg TB
1Q TB (rocking)
B1 V12 TS 884 885
V 13 TB 389 390
v14 TB (rocking) 327 329
B2 V16 TS 956-960 888
v17 TS 932 935
v18 BS 770 764
Calculated
K
966
905
560
329
380
318
225
922
386
328
893
386
328
954
935
764
Table 9
—16—
continued
Class, assignment 
and description
Observed wavenumbers 
cm“ l
Calculated
curl
B2 v19 TB 389 390 390
V20 TB 378 377 380
V21 TB (rocking) 372 370 372
TS = terminal stretch, TB = terminal bend, 
BS = bridge stretch, BB = bridge bend.
-17“
the symmetry of S^Og is or Ci, and the oxygen bridge 
is bent as shown in this structure
They assigned the band at 1066 cm
spectrum of solid potassium peroxodisulphate to the
asymmetric stretching vibration of the bridge (S-O-O-S),
- 1
and 1280 cm to SOg stretching vibrations. Another band 
- 1
at 1120 cm could not be assigned.
17-Formate (HCOO ) :-
33Ito and Bernstein observed the Raman spectrum of 
potassium and sodium formate in aqueous solution, and the 
infrared spectra of these salts in HgO and D^O. The infra­
red range 3-35 y was covered using CsBr, NaC£ and LiF 
optics. Table 10 shows their assignment of the bands on the 
basis of Cgv symmetry.
Spinner^ studied the Raman spectra of aqueous sodium 
formate, and put forward evidence for the existence of the 
two classical structures:-
z°
and H —  C
X ,
0
K
Table 10
Infrared
Assignments v (aq.Soln. of K.salt) cm 1
A 1 V 1
C-H stretching 2803
V 2
C-0 stretching 1351
V3 COO deformation
760
B 1 V4 C-0 stretching
1585
V5 COO rocking (C-H bending in plane)
1383
B 2 V 6
coo rocking (C-H bending
out of plane)
1069
35However, Junge and Musso showed conclusively from the
18infrared spectra of 0  labelled formates that the two 
carbon oxygen bands are equivalent, and that the generally 
accepted resonance structure is correct
Oh
The assignment of v 2 and to the symmetric and 
asymmetric COO stretches is therefore confirmed. Later 
workers (e.g. references Spinner,^ Junge and M u s s o ^ )
£> (j!
teve shown- that Vg and \>6 are C-H bending vibrations 
(in-plane and out of-plane respectively).
“19”
18-Acetate (CH^COO )
33Ito and Bernstein observed the Raman spectra of 
saturated solutions of CH^COONa and CD^COONa in HgO, 
and the infrared spectra of the solid salts and their 
saturated solutions, in as well as in HgO. The 
infrared range was covered using CsBr, NaCi and LiF 
optics « Table 11 shows the assignments and wavenumbers 
for CHgCOO (Raman and infrared) in solution, compared 
with the results for solid acetates.
Table 11
C2v assignments CHgCOO" 
Solid cm 1
CH-COO”
- 1Soln. cm
A i C-H stretching 2936 2935 (P)
v 2 CH^ deformation 1430 1344 (P)
Vg C-0 stretching 1414 1413 (P)
v 4 C-C stretching 924 926 (P)
Vg COO deformation 646 650 (P)
A 2 Vg Forsion - -
B 1
Vy C-H stretching 2989 3010
2981
(D) or 
(D)
Vg C-0 stretching 1578 1556
Vg CHg deformation _ 1443 1429 (D)
v 1 0  C H 3 cocking 1009 1 0 2 0
v 1 1  COO rocking (in plane) 460 471 CD)
B 2
v ^ 2 C-H stretching 2989 2981
3010
(D) or 
(D)
v13 C H 3 Reformation 1498 1456 (D)
v14 C H 3 cocking 1042 1052
v 1c COO rocking (out of
plane)
612 621 (D)
P = polarized ; D = depolarized
— 20—
19-Benzoate C^H^-COO s- 
4
Lindberg observed the infrared spectra of sodium 
benzoate in aqueous and deuterium oxide solutions in the 
region of the CO-stretching vibration. The infrared 
spectra of 0.55 mol & solutions were covered by using a 
liquid-cell with Irtran-2 windows and 25 ym path length. 
Lindberg reported that the frequencies of CO-stretching 
were "essentially the same in water and deuterium oxide".
He discussed the effects of substituents on the CO-stretch- 
ing vibrations. In contrast to the sulphonates*^ the wave­
numbers for the benzoates fit the Hammett equation rather 
poorly. Substituent effects are greater for the asymmetric 
CO-stretching than for the symmetric stretch. Table 12 
shows Lindberg* s results.
Table 12
1 0 % solution 
in H 2 0
8-12%
in
solution
D2°
Substituent
v(CO)s 
— 1cm
v (C0>as 
— 1cm
v(CO)g 
— 1cm
v<C0)as 
— 1cm
H 1391 1548 1390 1549
p-nh 2 1388 1532 1386 1532
p-OH 1386 1540 1384 1538
p-0CH2 1389 1540 1388 1541
p-ch 3 1391 1539 1390 1540
p-coo” 1380 1562 br 1379 1562
p-c& 1391 1544 1389 1543
21-
Table 12 continued
Substituent
1 0 % solution 
in H 20
v (co) s v(co)as
— 1 — 1 cm cm
8- 1 2 %
in
v (CO) s 
- 1cm
solution
D 2 °
v <co>as
“ 1cm
p-SC^O 1392 1552 1394 1553
p-NOg 1392 1570 1390 1570
m - N (CHg)£ 1386 1550 1386 1550
m-CHg 1385 1548 1387 1548
m-OH 1390 1553 1385 1551
m-SO^O 1388 1555 1382 1554
m-C£ 1382 1551 1381 1551
m-N02 1382 1557 1381 1559
o-NH2 1385 1531 1387 1536
o—OH 1391 -1585 1385 1555
o-OCH 3 1399 1558 1395 1554
o-ch 3 1405 -1560 1400 1552
o-COO" -1400 -1570 1400 1570
0 1 o fr=> 1390 -1580 1393 1569 br
o-N0 2 -1398 1580 1392 1581 br
(as ?)
br = broad band, s = symmetric stretch, as = asymmetric
stretch.
~ 2 2 ~ °
20 - Oxalate ( OOC-COO )
37
Shippey observed the infrared and Raman spectra of 
potassium oxalate in R^O and D^O. The infrared range 
2800- 700 cm 1 was covered by using a liquid cell of calcium 
fluoride or silver chloride windows, with cell pathways of 
25 - 30 ym. Shippey concluded that the symmetry of the 
oxalate ion in solution is either or D2 . Table 13 
shows the observed bands of potassium oxalate in solution, 
and Table 14 shows the assignments.
Table 13
Infrared Raman
H 2 ° D 2 ° H 2 ° D 2 °
cm" 1 — 1cm cm 1 — 1cm
305 (1 0 )* ?
448 (30) 450 (15)
768 (w) ? 761 (1.5)
904 (1 0 0 ) 900 (1 0 0 )
1304 ( s) sp 1311 (s) sp 1309 (30.5) 1314 (31.5)
1455 (46) 1462 (33)
1488 (77.5) 1493 (73.5)
1570 (s) 1577 (s.) 1577
1740
(6.5)
(1 )
1582
?
(1 2 )
* The relative intensities 
? Band too weak for useful measurements 
w = weak, s = strong, sp - sharp.
— 23”
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21 - Malonate ["OOC (CH2 )COO-*] :-
3 8Schmelz et.al. studied the infrared spectra of 
malonic acid and simple metal malonates in the NaC£ 
region. The observed bands were assigned by comparison 
with the frequencies reported for simpler molecules of 
similar structure, and the spectra of the malonate metal 
complexes of Fe(III), Cr(III), A L (III), Cu(III) and Pd(II) 
were interpreted by correlation with the spectra of the 
alkali metal malonate salts. Table 15 shows the observed 
infrared spectra of simple malonates, and the assignments 
under the point group symmetry.
Table 15 
- 1
Wavenumber cm
K 2 (CgH2 0^). x H20 Na2 ^ C 3H2°4^ * H2° Assignment
2950 sh 
2230 vw 
1563 vs,b
1436 s
1405 s 
1370 s 
1268 s
1190 m
955 m 
937 w
816 w
2970 sh 
2230 vw 
1600 vs 
1562 s 
1445 sh 
1428 m 
1390 m 
1370 s 
1268 s
1200 m 
1195 m
973 w
962 m
936
924
813 m 
790 m
v (CH)
v(OCO) antisym. 
v(OCO) antisym, 
CH2 bending
v (0C0) sym. 
v (0C0) sym.
CH 2 wagging
v (CC) antisym.
v (CC) sym.
CH 2 rocking
0C0 bending
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Table 15 continued ..
Wavenumber cm
K 2 (C3 H 2 0 4). x H 2 0  Na 2 (C3 H 2 0 4). H 2 0 Assignment
660 m  ) 7 0 5  s 0C0 wagging
s = strong, m = medium, w = weak, v = very, sh = shoulder 
b = broad, v = stretching, 6 = inplane deformation.
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CHAPTER II 
Experimental and Treatment of Results
Method and Experimental :-
Samples were AnalaR grade or were prepared and 
recrystallized several times. Solvents were de-ionized 
water, and 99.7% Deuterium oxide. The infrared spectra 
were taken on a Perkin Elmer 577 spectrometer. The 
wavenumber scale of the spectrometer was checked by running 
the spectrum of atmospheric water vapour with the spectro­
meter in the single beam mode. It was found that the
—- 2
maximum deviation of the observed spectrum was + 0 . 8  cm , 
which is within the manufacturer's specification. The 
pH of the solutions was measured by using a Corning pH 
meter, model 113.
Spectra of solutions were obtained from capillary 
films between Irtran-2 or CaP^ window, with teflon spacers 
of thickness 25 or 15 ym. Solutions were made up by weight 
and the concentrations were about 0.3 mol kg *.
The procedure for each sample was as follows. A 
demountable cell was cleaned and re-assembled for each 
sample. By using a syringe some of the solvent was injected 
into the cell until no air bubbles came out. The cell was 
put in the sample beam, and an attenuator was put in the 
reference beam. The following adjustments to the spectro­
meter were made : -
~ 2 7*”
1. The 100% control was turned fully clockwise.
2. The slitwidth was increased one step from N to 7 (i.e.
the maximum setting).
3. The attenuator adjusted to push the pen as high as 
possible.
4. The gain was adjusted to give adequate pen response.
5. The servo balance setting was checked by blocking both 
beams and adjusted if necessary.
- 1
The spectrum of the solvent was run from 1600 - 850 cm ,
then the cell was fitted with the sample solution, and the
spectrum run on the same section of chart. Both spectra 
were run again using an expanded wavenumber scale (X5 or 
X10) over a restricted range in the region of the band 
under investigation. Again, the two spectra were super­
imposed, and the wavenumber marker was switched on (this
—  i
gave a pen deflection every 50 cm ). In the range 
1600-1300 cm” 1 the spectrometer was flushed with nitrogen 
to prevent interference by atmospheric water vapour.
Treatment of Results :-
In many cases the sloping base line made it necessary 
to find the correct position of the maximum absorbance of 
the band as follows î-
With reference to Fig. 1, the transmittance of the
base line was read over the range a^ to a^, i.e. in the
-  %
region of the band maximum, every 2 cm , and over the 
same range of the spectrum of the solution. Let the
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Fig.l IR Spectrum of phenylacétate in .H^O
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0.5
15601550 1570
WAVENUMBER(CM"1)
Fig„2 Absorbance plot of phenylacetate in H^O
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transmittance of the base line at a given wavenumber be
T , and the transmittance of the solution T,. Then the o i
absorbance of the solute is
To
A graph was drawn with absorbance as ordinate and 
wavenumber as abscissa. From the graph the correct 
position of the band maximum was found, as shown in Fig. 2.
Separation of nitrate bands
A computer program was used to resolve the band 
envelopes in the nitrate ion spectra. The wavenumber and . 
transmittance data were read from the spectral charts, 
and typed in at a graphics terminal linked to a Prime-350 
computer. The program displayed the experimental points 
on the screen. A synthetic curve, the sum of two component 
bands, each described by a Lorentizian - Gaussian function, 
was generated. The position, maximum absorption and half 
width of each component were adjusted until the sum curve 
and experimental points superimposed. The program calculated 
the standard deviation as a measure of goodness of fit.
Figs. 3 and 4 show the final results for nitrate.
1.1=-_:U - ï ïH _ X ^
” WAVENUMBER (CM )
Fig.3 Resolution of nitrate band , in D^O by a computer 
program, showing the absorbance , position and half-width 
of first and second bands respectivly,
G=Gaussian , L=Lorentzian,
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1-;UU=U U  WAVENUMBER (CM'1) U U
Fig, 4 Resolution of nitrate band , in by a computer
program, showing the absorbance , position and half-width 
of first and second band respectivly,
G=Gaussian , L=Lorentzian,
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CHAPTER III .
Results
The results are presented in tabular form. Table 16 
lists the planar anions, and Table 17 the pyramidal and 
tetrahedral anions. More complex inorganic anions are 
listed in Table 18, and Table 19 lists the organic anions.
In some cases the pH of the solution is obviously important ; 
Table 20 lists the approximate pH's employed. Finally, in Table
2 1  a few results obtained for CO^ and C£0  ^ in h 2 o/d2o .
mixtures are given.
Table 16
Anion Point
group
Vib. and sym. Band position 
type in H^O cm" 1
Shift
(h2 o-d 2 o)
cm 1
NCS" C
00 v (I+), sym.str. 2064
0
n o 2~ C 2 v Vg, asym. str. 1236.6 
v , (E'), asym.str. 1396.5
-23
-5.5
n o 3- D3h
| J
Vg(E'), asym. str. 1347 -4.0
c o f D3h / Vq (E1 ) , asym. str. 1395 
' Vi (A1 1 ), sym. str. 1068.3
-17.5
1 . 8  ± 0.7
*
Raman result (Dr. Buist)
-34-
Table 17
Anions Point Vib.and sym. Band position Shift
group type in HgO cm” 1 (h2 o-d 2 o)
cm” 1
cio3~ C3v vi Ax) , vs (XY) 974 + 3.5
soT C 3v vi , vs (XY) 942 + 1 2
vi A^) , v (x y 3) 997.5 + 1.5
2 -
SS03 C 3v
V4 E) , v (x y 3) 1 1 2 0 + 4.5
V3 f 2) , V^fXY) 1008
+ 8.5
hd o w
1
Td
V 1
A 1) , Vs (XY) 938 0  *
so^' Td v3 f 2) , Vd (XY) 1103 + 1.4
Cto4™
Td v3 f 2) ,
Vd (XY) 1108 + 8
Cr042' Td V1 A 1) , V s ( X Y ) 882.5
+ 3.5
Mn0 42-
Td V3 F2),
Vd (XY) 912 -f 3
1
-Sh
OH
Td v3 f2) , Vd (XY) 853.7
0.0 ± 0.5
*
Raman result, Dr. G. Buist.
^ Infrared result, Dr. G. Buist.
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Table 18
Anion Vibration Band position 
in H 2 0  cm” 1
Shift
(H2 0-D 2 0)
cm~l
S2°6
P2°7
2-
4-
v 5 (S-0) str,
(S-0) str.
(P-0 ) str,
2 -Cr 2 0^“ Terminal str.
S2°8
2-
SOg str.
(S-O-O-S) 
asymmetric str,
1252
992
1105
949
1278
1050
+ 9.5
- 1
+ 2.5 
0
- 9
— 36-
Table 19
Anions va in H 2 0 Shift Vg in H 2 0 Shift
cm" 1 - 1cm
HCOO” 1585 - 7
*
1351 -3
CH 3 COO~ 1552 - 1 0 1416 0
C & C H g C O O ” 1594 - 9 1397 -3
Ph-CH 2 COO_ 1560 - 9 1383 -3
ch 3 ch 2 coo” 1546 - 9 1413 -3
Ph-COO_ 1544.5 - 5.5 1391 0
o-ci-Q~cod~ - - 1399 - 2
m-C£-^-COO™ 1550 -5 1383 - 2
p-C&_^_ 0 0 0 ”
j
1544 
, 15731-
-4
— 6
1392 - I
“ooc-coo” 'j
‘ 1309 -4
”ooc-ch2 -coo""1566 — 8 1358 - 2
"00C-(CH2)2-
C00” 1553 -9 1398 0
\>a = COO asymmetric stretch, vg = COO symmetric
stretch.
Another band for formate was seen at 1383 cm” 1 in 
H^O. This is a C-H in-plane bending vibration. The 
observed shift was - 2  cm 1.
*j* #
This band is due to both the symmetric and asymmetric 
stretch, see Table 14.
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Table 20
Anion pH
S 2 02- 5 - 6
NO 2 5 - 6
2-
cor >12
so2- 5 - 6
PC>4~ >13.5 (NaOH added)
SO2- > 9
2-
CrO„ > 9
Cr 2 0^” 3.5
P 2 0^" > 11 (NaOH added)
OOC-COO" > 6
ph-CH2COO > 9
£ > c o o -  > 7
“OOC-CH 2 -COO" > 8
OOC-(CH2)-COO > 8.5
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Table 21
Anion Percentage of D^O Band position
- 1
cm
C0 3” 0  1395
50 1395
80 1398
90 1404
100 1412
CAO" 0  1108
50 1105
100 1100
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Fig.5 IR specrum of acetate in H^O.
a
b
s
o
r
b
a
n
c
e
— 40”
k
0.35
1540 15601550
WAVENUMBER(CM”1)
Fig.6 Absorbance plot of acetate in H^O.
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Fig,7 IR spectrum of acetate in D^O,
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F±g.8 IR spectrum of benzoate in H^O.
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Fig.9 Absorbance plot of benzoate in H^O.
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Fig,10 IR spectrum of benzoate in D^O,
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Fig,11 IR spectrum of tri-sodium orthophosphate in H^O.
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Fig.12 Absorbance plot of tri-sodium orthophosphate in 
H 2°-
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Fig.13 IR spectrum of tri-sodium orthophosphate in D^O.
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Fig.14 IR spectrum of oxalate in H^O,
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Fig.13 IR spectrum of oxalate in D^O.
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Fig,l6 IR spectrum of malonate in H^O,
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Fig.17 Absorbance plot of maionate in H 0.
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Fig,18 IR spectrum of malonate in D^O,
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Fig.19 IR spectrum of sodium perchlorate in H^O,
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Fig.20 IR spectrum of sodium perchlorate in D^O,
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Fig,21 Absorbance plot of sodium perchlorate in D^O,
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Fig,22 IR spectrum of sodium perchlorate in 50% mixture of 
H 20/D2°-
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Fig,23 Absorbance plot of potassium carbonate in 50% mixture 
of H20/D20 .
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CHAPTER IV
Discussion
The infrared spectra of anions in H^O and D^O have 
been compared, and appreciable shifts up to 23 cm * found.
The tetrahedral and pyramidal ions show positive or zero 
y  shifts, whereas most other ions show negative shifts.
Generally, broad bands show large shifts, but narrow bands 
show small shifts. For example, in the spectrum of thio- 
sulphate, the sharp band at 997.5 cm '*"1 shows a shift of 1.5 
cm 1 , but the broad band at 1120 cm 1 shows a 4.5 cm 1 shift. 
Another general feature is that asymmetric stretching 
vibrations give larger shifts than symmetric stretching 
vibrations, (for example, compare the asymmetric and sym­
metric stretching vibrations of the carbonyl group in the 
organic ions). Hydrogen-bonding is probably important. From 
the literature no clear indication of the relative strengths 
of hydrogen-bonds and deuterium-bonds could be found. For 
example, when ethanol is dissolved in n-hexane, the inter- 
molecular deuterium-bonds are stronger than the corresponding 
hydrogen-bonds.^  Benjamin and Benson ^ 0  studied heats of 
mixing of CH^OH and H^O, and of CH^OD and D^C. They found 
that the heat of mixing is greater for the deuterated sub­
stances, showing that in this system also deuterium-bonding 
is stronger than hydrogen-bonding. The heats of fusion and 
vaporization for D^O are 3-4% greater than those for H^G, 
as are the heats of vaporization of deuterated methanol and 
deuterated 2-propanol. Benjamin and Benson suggest that
for these systems D-bonds are ca. 0.6 kJ mol 1 stronger than
41H-bonds. However, Grimison found in a study of the
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self-association of imidazole and 1 -d-imidazole in naph­
thalene solution that the association of the deuterated 
compound is less, so he concluded that D-bonding is weaker 
in this system. Similar results have been reported for 
other association equilibria (see refs, in Grimison’s paper).
The expected effect of hydrogen-bonding on a stretching 
vibration on an anion is as follows. Consider a "free" ion,
i.e. effectively in the gas phase, and then consider the 
effect of hydrogen-bonding by a solvent molecule :-
M - 0 *  H M - 0 * --------D
\ \
0  or 0
■ /
The restoring force on 0* is reduced by the hydrogen-bond, 
so is lowered from its theoretical "gas-phase" value.
If deuterium-bonds are stronger, than a positive shift is 
expected, but if hydrogen-bonds are stronger, a negative
shift is expected. Also there will be a mass effect, the
effective mass of 0 * is slightly increased by the hydrogen- 
bonding, and this lowers vM_o*e In D 2 ° ^his effect is 
somewhat greater. The following Table summarizes the effects 
and the expected shifts.
Effect Expected shift
Hydrogen-bonds strength negative
Deuterium-bonds stronger positive
mass effect positive
The mass effect is expected to be greater when H/D 
bonding is stronger, and is likely to be negligible when
— 60”
H/D bonding is weak. Clearly in general it is not possible
to explain the results solely in terms of H/D bonding and the
mass effect. We will consider some ions in particular s-
l-COj-
This ion shows a large negative shift which could be
explained by saying that hydrogen-bonding is stronger than
deuterium-bonding. This is supported by the results obtained
for H 2 0 /D 2 ° mixtures (Table 21). The addition of D^O/H^O
brings about little or no shift until 90% D^O is reached.
Thus there is some indication that in a competitive situation, 
2 -
COg bonds preferentially to H^O. However, it should be 
borne in mind that the results for H^O/D^O mixtures may be 
affected by the HOD band at 1460 cm 1 (see below). The 
difficulty is to explain the small positive shift found for 
the symmetric stretching vibration. However, further work 
is required to confirm this result (Raman).
2 - Comparison of C&O^ and PO^ ;-
Hydrogen-bonding to C£0^~ in aqueous solution is known 
to be weak, and hydrogen-bonding to PO^ is expected to be 
strong (PO^ is fairly strong base, whereas C&O^ is a very 
weak base). However, the shifts for the Vg(F2) band are 
the same for both ions, so some other factor appears to be 
operative.
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3-NOg s-
Nitrate ions are solvated in water or methanol by a
single solvent molecule strongly hydrogen-bonded to one
oxygen atom, thereby lowering the symmetry of the ion from 
13
D 3 h to ^ 2 v* The Vg(E') vibration is split into two bands, 
and the splitting is a measure of the strength of the 
hydrogen-bond . 1 1  If hydrogen-bonding is stronger than 
deuterium bonding, then the negative shifts of the two 
bands can be explained. However, the splitting of Vg(E') 
is 51 cm 1 in DgO, and 49.5 cm 1 in H^O, implying slightly 
stronger deuterium bonding.
Another factor may well be important, namely the
effect of the ions on the vibrations of the surrounding
solvent molecules. It is well known that bands due to
the solvent in aqueous solution are modified by the presence
of ions (see, for example, ref. 24). Our method assumes
that the solvent base line is unaltered by the presence of
ions. This may not be true, particularly in regions where
solvent absorption is strong and the baseline is sloping.
The apparent positions and shapes of the solute bands could
be distorted, particularly when the bands are broad. It is
significant that those anions whose bands are close to the
OH bending band of H^O at 1640 cm 1, and are on the low
wavenumber side of this band, show negative shifts, whereas
anions whose bands are on the high wavenumbers side of the
- 1
HgO libration band (800 cm ) show positive shifts.
— 62“
Similar effects of the OD bending band of D^O at 1200 cm” 1  
can be seen. However, it is clear that the results cannot 
be explained completely by such effects. For instance, the 
band of COg is in a region where the H^O baseline is 
practically flat, and the D^O baseline nearly so, yet the 
shift is -17.5 cm 1 (note, due to the inevitable presence 
of some HgO in O^O, there is a band due to HOD at 1470 cm” 1 
but this is weak. In H^O/D^O mixtures however, the effect 
of this band may be important, as pointed out above). The 
Vg band of NO^ also occurs in this region, and again there 
is a significant negative shift. The sharp bands produced 
by some anions usually show small, but significant shifts, 
and it is unlikely that the band positions would be dis­
placed in these cases.
Our tentative conclusion is that there is a significant 
deuterium solvent isotope shift on the vibrational spectra 
of anions, but its interpretation is complicated by effects 
on the solvent bands. Clearly, further work is required, 
particularly (a) a study of the effect of changing the con­
centration of solute, and (b) the application of the Raman 
technique. Both H^O and D^O are weak Raman scatterers, so 
it should be possible to obtain reliable shifts without the 
difficulties encountered in the infrared technique.
—63“
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